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Abstract 


PRESSURE  EFFECT  ON  VACANCY  FORMATION  IN  GOLD 


Cross-Reference 
Data 

99,999$  pure  gold  wires  were  resistance  heated  to 
680°C  in  a  gaseous  medium  at  pressures  between  400  and  Solid  State 

11,000  atmospheres  and  quenched  by  turning  off  the  heating  Physics 
current.  The  temperature  decayed  exponentially  with  a 

half-life  of  1.6  x  10"2  sec.  The  logarithm  of  the  quenched-  High  Pressure 
in  electric  resistance  AR  decreased  linearly  with  increasing 
pressure.  From  the  pressure  effect  on  AR  an  activation 
volume  for  vacancy  formation  at  680°C  of  AVf  =  (9.16  ±  0.68) 

x  10"  cm0  a  0. 53  ±  0.04  atomic  volumes  is  derived,  assuming 
that  the  quenched-in  resistivity  is  due  to  the  formation  of 
single  vacancies.  In  the  pressure  range  investigated,  Avf  is 
apparently  independent  of  the  pressure.  Using  AVf  and  Bauerle 
and  Koehler's  relationship  between  the  resistivity  and  the 
fractional  volume  change  during  recovery,  the  electric  re¬ 
sistivity  of  vacancies  is  (1.8  ±  0.4)  x  10"6  ohm  cm/at. $  and 
the  vacancy  concentration  after  quenching  from  680°C  at  room 
pressure  with  1.6  x  10"2  sec  half-life  of  the  temperature 
decay  is  (2,  4  ±  0. 5)  x  10"^.  The  present  data  are  in  good 
agreement  wit.h  those  reported  by  DeSorbo  from  a  calorimetric 
study  of  quenched  foil.  The  present  defect  concentration  is 
about  50  percent  of  the  value  extrapolated  to  680°C  from  the 
data  of  Simmons  and  Balluffi,  who  obtained  the  vacancy  con¬ 
centration  in  thermal  equilibrium  near  the  melting  temperature. 
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CONCLUSIONS 

In  the  experimental  work  of  the  present  report  the  pressure  effect 
on  the  equilibrium  vacancy  concentration  in  high  purity  gold  wires  is 
measured.  It  is  shown  that  the  pressure  effect  on  the  vacancy  concentration 
can  be  determined  experimentally  by  measuring  the  pressure  dependence  of 
the  quenched-in  electrical  resistance.  From  the  experimental  results  the 
activation  volume  of  formation  of  lattice  vacancies  in  gold  is  derived. 
Comparing  the  activation  volume  of  formation  with  the  atomic  volume  of 
gold  it  is  found  that  considerable  relaxation  of  the  lattice  occurs  around 
the  vacant  lattice  site. 
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INTRODUCTION 


In  a  crystal,  a  large  number  of  structural  defects  is  in  thermal  equi¬ 
librium  with  the  perfect  lattice  at  high  temperatures.  In  face  centered 
cubic  metals,  vacancies  are  favored  as  the  defects  rather  than  interstitial 
atoms,  because  they  require  an  activation  energy  of  formation  of  about  one- 
third  of  the  energy  necessary  to  form  interstitial  atoms1.  By  rapid  quenching 
of  a  metal  from  a  high  temperature,  a  large  number  of  vacancies,  which  is  in 
thermal  equilibrium  with  the  perfect  lattice  at  the  high  temperature,  is 
frozen  within  the  lattice.  The  quenching  technique  has  been  used  frequently 
to  study  the  physical  properties  of  vacancies  in  metals. 

Most  of  the  experimental  work  on  pure  metals  has  been  done  with  gold. 

In  gold,  the  effect  of  quenching  and  annealing  on  the  electric  resistivity2*7, 
the  macroscopic  length4,  8,  the  energy  stored  in  the  lattice9,  10,  the  yield 
stress7,  the  internal  friction11,  and  the  electron  microscopic  transmission6 • 1 2, 
has  been  investigated.  The  effect  of  the  heating  time13,  and  the  quench 
rate4,  14,  on  the  quenched-in  resistivity  and  the  influence  of  pressure15 
and  plastic  deformation16,  17,  on  the  annealing  rate  of  the  quenched-in 
resistivity  has  also  been  studied.  * 

The  physical  properties  of  the  lattice  vacancy  can  be  derived  from  an 
investigation  of  a  quenched  specimen  only  if  the  vacancy  concentration  is 
known.  Strictly  empirical  information  on  the  vacancy  concentration  in  gold 
has  been  given  by  several  authors.  The  work,  which  is  reported,  includes  the 
measurement  of  the  total  energy  released  by  annealing  of  quenched  specimens 
together  with  the  activation  energy  of  vacancy  formation9,  10,  the  inves¬ 
tigation  of  the  macroscopic  length  expansion  and  the  change  in  the  lattice 
parameter  of  a  heated  specimen  under  thermal  equilibrium  conditions18,  and 
the  measurement  of  the  concentration  and  the  size  of  the  stacking  fault 
tetrahedra  formed  by  vacancy  condensation  in  quenched  and  annealed  foils6. 
However,  the  results  of  the  different  authors  differ  by  nearly  an  order  of 
magnitude.  Therefore,  further  information  on  fundamental  vacancy  properties 
is  desirable. 

A  fundamental  property  of  the  lattice  vacancy,  which  also  leads  to  an 
empirical  determination  of  the  defect  concentration,  is  the  activation  volume 
of  formation  together  with  the  fractional  length  change  due  to  the  quenched- 
in  defects.  The  activation  volume  of  formation  can  be  determined  by  measuring 
the  pressure  effect  on  the  relative  vacancy  concentration  in  quenched 
specimens19.  The  formation  of  divacancies  and  higher  order  clusters  increases 
with  increasing  quench  temperature.  However,  theoretical  analyses20*22,  of 
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the  earlier  quench  experiments  have  shown,  that,  for  quench- temperatures 
less  than  700°C  and  for  quench  rates  in  the  order  of  10*  C/second,  the  con¬ 
centration  of  vacancy  clusters  is  apparently  negligible. 

In  the  present  investigation  99.999%  pure  gold  wires  were  resistance 
heated  to  680°C  in  a  gaseous  medium  within  a  high-pressure  cell  at  different 
pressure  levels  and  quenched  by  turning  off  the  heating  current.  The  tem¬ 
perature  decayed  exponentially  with  a  half-life  of  1.6  x  10*2  sec.  From 
the  change  of  the  quenched-in  electrical  resistance  with  the  pressure  the 
activation  volume  of  formation  of  vacancies  is  derived.  Using  the  propor¬ 
tionality  constant  between  the  resistivity  changes  and  the  fractional-length 
changes  during  annealing  of  quenched  gold  wires,  measured  by  Bauerle  and 
Koehler*,  the  electric  resistivity  per  atomic  percent  vacancies  and  the 
quenched-in  vacancy  concentration  is  determined. 

THEORY 

The  change  of  the  Gibbs  free  energy  due  to  formation  of  n  lattice 
vacancies  in  a  perfect  crystal  containing  N  similar  atoms  under  the 
assumption 


n  «  N 


(1) 


is  at  constant  pressure  p  and  constant  temperature  T 


A  Gf(n,p,T)  =nAUf  +  npAV{  -  nTASth  - 


kTln 


N! 

n!  (N-n) ! 


(2) 


AUf,  AVf  and  ASth  are  the  change  per  vacancy  of  the  internal  energy,  the 
volume  and  the  thermal  entropy  of  the  crystal,  respectively;  k  is 
Boltzmann’s  constant.  We  find  the  equilibrium  vacancy  concentration  c 
from  equation  (2)  using  the  equilibrium  condition 


(3) 


and  employing  the 


Stirling  formula  in  the  form  In  x! 


-  x  In  x  for  x  »  1: 


,  ,  nip  T)  as,h/k  -IAU,  *  p4V,)kT 

°(P,T)  =  -tS-  *  <> 


|4> 
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According  to  equation  (4)  the  change  of  the  vacancy  concentration  with 
pressure  is  given  by 


3  In  c 
Bp 


—  ( -1 
kT  \ 


(5) 


[Jnder  the  assumption,  that  the  first  two  terms  on  the  right  hand  of  equation 
(5)  are  small  compared  to  Avf  ,  we  can  approximate  equation  (5)  by 


3  In  c 
Bp 


-  ~  ( 
kT  V 


BAVj 

Bp 


AVf) 


(6) 


As  will  be  shown  by  the  present  experimental  results,  the  logarithmic  deriv¬ 
ative  of  the  vacancy  concentration  with  respect  to  pressure  is  independent 
of  the  pressure  within  the  pressure  range  studied.  This  indicates  that 

BAV, 

P  -5^  «  AV{  (7) 

Equation  (6)  then  becomes 

3  In  c  =  _  {  (8) 

Bp  kT 


From  equation  (8)  we  find 


c(p,T)  =  c(p0,  T) 


e"  AVf  ({  -  p0)/kT 


(9) 


According  to  equation  (8)  the  activation  volume  of  formation  of  lattice 
vacancies  is  given  by  the  logarithmic  derivative  of  the  vacancy  concen¬ 
tration  with  respect  to  the  pressure.  We  assume  that  at  the  quench- 
temperature  of  680°C  only  single  vacancies  are  formed.  The  relative  change 
of  the  vacancy  concentration  with  the  pressure  can  be  determined  by  the 
measurement  of  the  pressure  effect  on  the  quenched-in  electrical  resistance, 
assuming  a  linear  proportionality  between  the  single  vacancy  concentration 
and  the  quenched-in  resistance. 

PRESSURE  SYSTEM 

The  hydrostatic  pressure  system23  used  in  this  investigation  is  shown 
in  figure  1.  The  system  operates  by  precharging  the  main  cylinder  to  a 
pressure  of  approximately  2,000  atmospheres,  using  a  precharge  pump  and  a 
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liquid-gas  piston.  The  pressure  is  further  increased  by  driving  the  piston 
into  the  cylinder  using  the  upper  jack  as  shown  in  figure  1.  As  the  piston 
moves,  it  passes  the  pre-charge  port,  thus  preventing  extreme  pressures  from 
entering  the  pre-charge  system.  The  piston,  which  is  shown  in  figure  1,  is 
of  the  unsupported  area  type.  It  is  sealed  against  the  cylinder  wall  using 
gaskets  made  of  teflon  and  rubber  between  two  brass  wedge  rings.  Gaskets 
made  of  copper  and  lead  between  two  wedge  rings  of  Monel  are  used  to  seal 
the  bottom  closure.  In  order  to  compensate  for  the  internal  pressure  inside 
the  main  cylinder,  the  cylinder  is  forced  simultaneously  with  the  increase 
in  pressure  into  a  tapered  jacket  by  means  of  the  lower  jack.  With  this 
arrangement,  the  system  has  a  capacity  of  12,000  atmospheres. 

The  pressure  cell  has  an  inside  diameter  of  19  mm  and  a  length  of  100 
mm  after  the  full  stroke  of  the  piston.  Approximately  80  percent  of  this 
space  is  additionally  filled  with  a  brass  cylinder  to  increase  the  com¬ 
pression  ratio  of  the  device.  The  pressure  is  measured  by  its  effect  on  the 
electrical  resistivity  of  a  manganin  coil.  The  manganin  coil,  which  has  a 
resistance  of  about  120  ohms,  is  mounted  on  the  bottom  closure  inside  the 
main  cylinder.  It  was  calibrated  against  a  controlled  clearance  free  piston 
gauge  and  was  found  to  be  linear  within  ±  1. 5$  between  0  atmospheres  and 
10,000  atmospheres.  The  leads  of  the  manganin  coil  and  the  several  leads, 
which  are  connected  with  the  sample  inside  the  pressure  cell,  enter  the 
main  cylinder  through  the  bottom  closure. 

EXPERIMENTAL  PROCEDURE 

The  specimen  material  is  polycrystalline  99.999$  gold  wire  of  0.004- 
inch  diameter24.  The  specimen  is  mounted  on  a  tube  socket  which  fits  on  a 
series  of  pins  connected  with  the  electrical  leads  in  the  bottom  closure 
of  the  pressure  cell  (figure  2).  To  keep  stresses,  induced  by  the  support, 
as  small  as  possible  the  specimen  is  spot-welded  to  a  0.008-inch  diameter 
gold  wire,  which  is  connected  with  the  tube  socket  by  a  short  length  of 
0.016-inch  diameter  gold  wire.  Potential  leads  of  0.002-inch  diameter  gold 
wire  are  spot-welded  to  the  central  part  of  the  specimen  wire.  The  specimen 
length  between  the  potential  leads  is  about  3  mm  and  the  overall  length  of 
the  specimen  wire  is  15  mm.  All  gold  wires  used  in  mounting  of  the  specimen 
are  99.999$  pure24.  The  sample  holder  can  be  inserted  into  the  pressure 
cell,  after  removal  of  the  piston,  by  an  extension  screwed  into  the  specimen 
holder.  The  specimen  is  heated  by  passing  DC  current  through  it.  The  tem¬ 
perature  of  the  specimen  is  measured  by  determining  its  electrical  resistance. 
The  uniformity  of  the  temperature  over  the  specimen-length  was  checked  in  a 
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helium  atmosphere  at  room  pressure  using  a  moving  potential  lead  in  combina¬ 
tion  with  a  micrometer  microscope.  The  moving  potential  lead  is  a  nichrome 
strip  of  0.002-inch  thickness  and  0.004-inch  width,  which  is  slightly  touch¬ 
ing  the  specimen  wire.  In  figure  3,  the  relative  voltage  drop  per  fractional 
length  is  plotted  vs.  the  fractional  length  of  the  specimen.  As  shown  in 
figure  3,  the  measurements  indicated  a  temperature  uniformity  over  the 
specimen  length  at  685°C  within  ±  10°C. 

After  mounting,  the  specimen  is  annealed  in  nitrogen  at  room  pressure 
at  850°C  for  100  minutes  and  at  600°C  for  5  minutes.  Before  each  pressure 
run,  the  specimen  is  heated  in  nitrogen  at  room  pressure  to  850°C  for  5 
minutes  and  to  600°C  for  5  minutes  and  cooled  to  room  temperature  within 
about  10  minutes.  The  sample  holder  is  then  inserted  into  the  high  pressure 
cell.  After  the  desired  pressure  is  built  up,  the  room  temperature  electrical 
resistance  of  the  specimen  is  measured.  The  specimen  is  then  heated  to  the 
desired  temperature.  The  temperature  is  derived  from  the  ratio  of  the  elec¬ 
trical  resistance  at  high  temperature  and  at  room  temperature  measured  at 
the  elevated  pressure  in  combination  with  a  resistance-temperature  calibra¬ 
tion,  carried  out  at  room  pressure.  The  pressure  effect  on  the  temperature 
coefficient  of  the  electrical  resistivity  of  gold  has  been  reported  between 
0°  and  100°C  in  the  pressure  range  0-12,000  atmospheres25.  According  to  these 
data  the  ratio  of  the  electrical  resistivity  of  gold  at  0oC  and  at  100°C 
increases  by  0.053  percent  due  to  a  pressure  of  10,000  atmospheres.  There¬ 
fore,  the  pressure  effect  on  the  temperature  coefficient  of  the  electrical 
resistivity  of  the  specimen  can  be  neglected,  assuming,  that  the  effect  does 
not  change  drastically  between  100°C  and  700°C.  The  resistance  measurements 
indicated  small  temperature  fluctuations  of  the  specimen  in  the  pressure 
cell  with  time.  At  about  680°C  and  at  pressures  in  the  order  of  500  atmos¬ 
pheres,  the  resistance  fluctuations  over  a  period  of  several  minutes  cor¬ 
responded  to  a  temperature  fluctuation  within  ±  15°C.  At  higher  pressures 
the  amplitude  of  the  fluctuations  decreased  with  increasing  pressure 
Apparently  the  fluctuations  were  caused  by  convection  currents  in  the 
highly  pressurized  gas.  The  actual  quench  temperature  is  measured  using 
a  Honeywell  Model  906B  multichannel  recording  oscillograph  connected  with 
the  potential  leads  of  the  specimen.  The  heating  current,  which  also 
passes  through  a  resistance-standard,  is  measured  simultaneously  with 
the  voltage  drop  across  the  specimen  using  a  second  channel  of  the 
oscillograph.  Only  those  quench  runs  were  analyzed  in  which  the  oscillograph 
indicated  that  the  quench  temperature  was  constant  within  ±7°C  during 
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a  time  of  0.25  seconds  immediately  before  quenching.  The  time  dependence  of 
the  appearance  of  the  quenched-in  electrical  resistance  has  been  reported 
using  pulse  heated  gold  wires13;  it  was  found,  that  at  650°C  a  time  of  0.08 
sec  is  required  to  produce  half  the  equilibrium  resistance  increment.  Data 
reported4’  14  on  the  influence  of  the  quenching  rate  on  the  quenched-in 
resistivity  in  gold  indicate  also  that  during  a  small  temperature  drop  at 
about  700°C  the  vacancy-concentration  reaches  the  new  equilibrium  value 
after  a  half-life  which  is  not  larger  than  0.08  sec.  Therefore,  we  can  de¬ 
rive  from  our  oscillographic  temperature  readings,  that  the  equilibrium 
value  of  the  vacancy  concentration  was  reached  in  all  samples  with  an  un¬ 
certainty  of  the  quench-temperature  of  ±?°C. 

Quenching  is  performed  by  abruptly  dropping  the  heating  current  from 
8-11  amp  to  0.2  amp.  Simultaneously  the  sensitivity  of  the  oscillograph  is 
increased.  After  dropping  the  heating  current,  the  potential  drop  across 

n 

the  specimen  decreased  exponentially  with  a  half-life  of  about  1.6  x  10 
sec,  indicating  an  initial  quench-rate  of  larger  than  about  2  x  104  °C/sec. 

The  quench  rate  depends  on  the  gas  used  as  the  pressure-medium  and  also  on 
the  pressure,  since  the  thermal  conductivity  of  gases  is  slightly  pressure 
dependent  in  the  pressure  range  investigated26.  At  quench  rates  in  the  order 
of  2  x  104  °C/sec  the  quenched-in  resistance  increases  slightly  with  increas¬ 
ing  quench  rate4’  14.  In  order  to  obtain  the  same  quench  rate  at  all  pressure 
levels,  different  gases  were  used  at  different  pressures.  The  experiments 
were  carried  out  using  helium,  nitrogen,  and  argon26*.  Immediately  after 
quenching  to  room  temperature,  the  signal  current  is  turned  off  and  the 
pressure  is  released  with  30  minutes.  Approximately  60  minutes  after  quenching 
the  sample  is  immersed  into  liquid  nitrogen. 

After  immersing  the  specimen  into  liquid  nitrogen  the  electrical  resist¬ 
ance  is  measured  following  the  scheme  as  shown  in  figure  4.  A  current  of 
about  300  mA  passes  through  the  specimen  and  through  a  0.1000  ohm  resistance- 
standard,  which  is  kept  at  room  temperature.  Temperature  changes  of  the  liquid 
nitrogen  bath  during  the  experiment  are  detected  by  taking  the  resistance 
value  of  an  annealed  dummy  specimen  which  is  continuously  kept  in  the  low 
temperature  bath  in  series  with  the  sample.  To  reduce  ter;.  Tature  fluctu¬ 
ations  due  to  convection  currents  in  t|je  liquid  nitrogen,  the  specimen  and 
the  dummy  are  each  inserted  into  a  closely  fitting  perforated  copper  cylinder 
before  immersing  into  the  low  temperature  bath.  The  voltages  Vlt  V2  and  V3, 

indicated  in  figure  4,  are  measured  with  a  Rubicon  Model  2768  microvolt 
potentiometer  in  combination  with  a  Keithley  Model  149  milli-microvolt meter. 
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The  voltage  triplet,  V3,  V2  and  V3,  is  read  several  times  in  the  same  se¬ 
quence.  The  potential  leads  connected  with  the  specimen  and  the  dummy  consist 
of  99.999%  pure  gold  wires  to  reduce  thermoelectric  effects.  The  thermoelectric 
voltage  within  the  sample  and  the  dummy  was  less  than  0. 2  microvolts.  The 
relative  error  due  to  thermal  emf's  within  the  0.1  ohm  resistance  standard 
was  less  than  10* 6.  The  error  due  to  thermoelectric  effects  within  the 
circuitry  is  compensated  by  reversing  the  current. 

After  the  resistance  measurement,  the  quenched  specimen  is  heated  for 
5  minutes  to  800°C  and  for  100  minutes  to  400°C  in  nitrogen  at  room  pressure 
and  then  cooled  to  room  temperature  within  several  minutes.  The  electrical 
resistance  of  the  annealed  specimen  is  measured  after  each  quench  run  carried 
out  at  elevated  pressures.  A  typical  set  of  data  is  shown  in  Table  I.  The 
resistance  of  the  quenched  specimen  is  given  by 

Rq  =  (vi/v3)qx  0.1000  ohms;  (10) 

the  resistance  of  the  annealed  specimen  is  calculated  using  the  equation 

R.  =  (VV3).  X  (W.  X  <VV3)q  x  °-1000  0hms  Ul) 

the  subscripts  q  and  a  refer  to  the  quenched  and  the  annealed  specimen, 
respectively.  The  correction  factor  (V3/V2),  x  (V2/V3)q  compensates  for  a 

temperature  change  in  the  liquid  nitrogen  bath  between  the  measurements 
carried  out  with  the  quenched  and  with  the  annealed  specimen.  Using  the 
average  values  given  in  Table  I  in  connection  with  the  equations  (10)  and 
(11)  we  find  Rq  =  (8.9373  ±  0.0019)  x  10*4  ohm, 

R«  =  (8.7825  ±  0.0018)  x  10*4  ohm,  with  a  quenched-in  resistance  of 
AR  =  (1.548  ±  0.037)  x  10* 5  ohm. 

RESULTS 

To  check  the  experimental  procedure,  the  dependence  of  the  quenched-in 
resistance  on  the  quench-temperature  was  studied  at  a  pressure  of  1,800 
atmospheres.  From  the  data,  shown  in  figure  5,  we  derive  the  activation 
energy  for  vacancy  formation  in  gold 

AHf  =  AU{  +  pAvf  =  0.98  ev  (12) 

which  is  in  good  agreement  with  the  value  reported  at  room  pressure 
3,  4,  8,  9,  15,  18.  The  specimens  No.  1  and  No.  2  of  figure  5  were  quenched 
in  $  helium  atmosphere  with  a  half-life  of  the  temperature  decay  within 
(1.20  ±  0.06)  x  10*2  sec.  The  specimen  No.  3  of  figure  5  was  quenched  in  a 
nitrogen  atmosphere  with  a  half-life  of  the  temperature  decay  within 
(2.02  ±  0.06)  x  10*2  sec. 
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The  studies  of  the  pressure  effect  on  the  quenched-in  resistance  are 
summarized  in  Table  II.  The  half-life  of  the  temperature  decay  in  all  quench 
runs,  shown  in  Table  II,  was  (1.57  ±  0.13)  x  10*2  sec.  Because  of  the  tem¬ 
perature  fluctuations  of  the  heated  specimen  in  the  pressure  cell,  it  was 
difficult  to  reproduce  the  quench  temperature  exactly.  The  error  in  the 
quench  temperature  TQ’  indicated  in  column  4  of  Table  II,  is  given  by  the 
deviation  from  the  average  quench  temperature  within  0.25  sec  immediately 
before  quenching.  The  measured  values  of  the  relative  resistance  increment, 
given  in  column  5  of  Table  II,  were  extrapolated  to  a  quench- temperature  of 
680°C,  using  an  Arrhenius-type  equation.  An  activation  energy  of  0.98  ev 
was  used  to  correct  for  the  quench  temperature  at  all  pressure  levels.  It 
can  be  estimated,  using  an  activation  volume  for  vacancy  formation  of  0.5 
atomic  volumes,  that  the  pressure  effect  on  AHf  introduces  a  negligible  in¬ 
fluence  on  the  temperature  correction.  As  shown  in  figure  6,  the  logarithm 
of  the  quenched-in  electrical  resistance,  corrected  for  Tq  =  680°C,  decreases 
linearly  with  increasing  pressure.  This  indicates  the  validity  of  the 
relation  (7),  The  straight  line  with  the  least  squares  fit,  drawn  through 
the  points  in  figure  6,  corresponds  to  the  activation  volume  for  vacancy 
formation  in  gold 

AVf  =  (9.16  ±  0.68)  x  10'24cm3  (13) 

following  equation  (8).  Using  the  molar  volume  of  gold  at  room  temperature 
of  10.2  cm  3/Mol  and  the  thermal  volume  expansion  at  680°C  of  3.2$27  and 
neglecting  the  pressure  effect  on  the  density  of  gold  because  of  the  small 
compressibility28,  the  molar  volume  at  680°C  is  10.5  cm  3/Mol.  With  this 
value  the  activation  volume,  given  in  equation  (13)  corresponds  to 

A  Vf  =  0. 53  ±0.04  atomic  volumes  (14) 

i  0 

Bauerle  and  Koehler  measured  the  relative  length  contraction  at  30  C 
concurrently  with  the  resistance  decay  of  quenched  gold  wires  during  an¬ 
nealing.  Assuming  that  the  dimensional  changes  are  isotropic  and  of  the 
same  value  due  to  either  vacancy  formation  or  vacancy  annihilation,  the  re¬ 
sults  of  these  authors  indicate  the  proportionality  constant  between  the 
resistivity  change  A p  and  tji#  fractional  volume  change  A  V/V  due  to  va¬ 
cancy  formation29 

A p  /  (A  V/V)  =  (3.4  ±  0. 5)  X  10*4  ohm  cm  (15) 
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The  relative  volume  change  due  to  formation  of  n  lattice  vacancies  in  a 
crystal  containing  N  similar  atoms  is  given  by 

A  V/V  =  nAVf/N  Cl  (16) 

where  fl  is  the  atomic  volume  of  the  atoms  in  the  crystal. 

Using  the  equations  ( 15 )  and  ( 16 )  and  the  value  of  A  vf  /Cl  given  in  (14), 
we  have 

Ap/g  =  (1.8  ±  0.4)  x  10' 6  ohm  cm/at.%  (17) 

With  the  relative  resistance  increment  extrapolated  to  room  pressure 
according  to  figure  6,  the  resistivity  of  the  specimen  at  liquid  nitrogen 
temperature  of  0.470  x  10*6  ohm  cm  and  the  resistivity  per  atomic  percent 
vacancies  given  in  equation  (17),  the  vacancy  concentration  after  quenching 
at  room  pressure  from  a  temperature  of  680°S,  which  decays  exponentially 
with  a  half-life  of  1.6  x  10* 2  sec,  is 

§  =  (2.4  ±  0.5)  x  10*s  (10) 

DISCUSSION 

A.  Activation  Volume  of  Formation 

The  value  of  AVf,  given  in  equation  (14),  is  in  good  agreement  with 
the  value  0.57  ±  0.05  atomic  volumes,  reported  by  DeSorbo9,  who  derived 
AVf  indirectly  from  the  total  energy  released  by  annealing  of  quenched  gold 
foils,  the  activation  energy  of  vacancy  formation  and  the  value  of 
A p  /  (A  V/v)  =  3.2  x  10* 4  ohm  cm  taken  from  the  experiments  of  Bauerle  and 
Koehler4.  Simmons  and  Balluffi18  found  AVf  =  0.45  ±  0.10  atomic  volumes. 
These  authors  measured  the  vacancy  concentration  under  equilibrium  conditions 
by  studying  concurrently  the  macroscopic  length  and  the  lattice  parameter  of 
a  heated  specimen.  They  derived  AVf  from  their  value  of  the  equilibrium 
vacancy  concentration  in  combination  with  Bauerle  and  Koehler's4  fractional 
length  measurements  of  quenched  wires.  Since  Simmons  and  Balluffi  neglected 
the  fact,  that  in  Bauerle  and  Koehler’s  experiments  vacancies  were  lost 
during  quenching,  their  average  value  of  AVf  is  apparently  slightly  too 
small. 

The  present  result  is  in  good  agreement  with  the  recent  theoretical 
work  of  Johnson  and  Brown1,  Tewordt30  and  Bennemann31,  made  for  copper.  The 
different  authors  found  a  value  of  AVf/ft  of  0.52,  0.47  to  0.55,  and  0.60, 
respectively.  Seeger  and  Mann32  calculated  a  value  of  A V f/Cl  in  copper  of 
0.7  to  0.8. 


From  an  investigation  of  the  pressure  effect  on  the  annealing  rate  of 
vacancies  quenched  into  gold  wires,  Emrick15  has  derived  an  activation  vol¬ 
ume  of  motion  of  =  0. 15  ±  0.014.  With  the  present  result  the  activation 

volume  for  self-diffusion  in  gold, assuming  the  vacancy  mechanism,  is  then 
given  as  (  AVf  +  AVB  )  /H  =  0. 68  ±  0.05.  This  value  compares  favorably  with 
the  value  0.7  reported  for  lead  33*  34  and  is  slightly  smaller  than  the 
value  0.90  reported  for  silver35. 

B.  Monovacancy  Resistivity 

The  value  of  Ap/S  given  in  equation  (17)  is  in  good  agreement  with  the 
value  Ap/Il  =  (1.8  ±  0.6)  x  10" 6  ohm  cm/at  .%  reported  by  DeSorbo9  from  his 
calorimetric  work  in  combination  with  the  resistivity  data  of  Bauerle  and 
Koehler4.  Simmons  and  Balluffi18  found  Ap/fl  =  (1.5  ±  0.3)  x  10‘6  ohm  cm/at 

.%  using  their  value  of  the  equilibrium  vacancy  concentration  together  with 
Bauerle  and  Koehler's  resistivity  data.  Their  average  value  of  Ap/jl  is  prob¬ 
ably  slightly  too  small,  since  they  neglected  the  vacancy  losses  during 
quenching  in  the  experiments  of  Bauerle  and  Koehler. 

Cotterill6  reported  the  value  Ap/^  =  (2.4  ±  0.4)  x  lO'6  ohm  cm/at  .%> 

This  author  measured  the  change  in  the  electrical  resistivity  of  gold  foils 
due  to  quenching  and  correlated  the  results  with  concentration  counts  ob¬ 
tained  by  transmission  electron  microscopy  after  annealing  of  the  specimens. 
Since  the  concentration  counts  detected  only  those  vacancies  which  are  con¬ 
densed  in  the  form  of  tetrahedra  of  stacking  faults  and  neglected  those 
defects  which  are  lost  at  grain  boundaries  or  dislocations  during  annealing, 
Cotterill's  average  value  of  Ap/tt  is  probably  too  large.  Pervakov  and 

Khotkevich10  reported  potentiometric  measurements  of  the  electrical  resist¬ 
ance  at  20°C  in  parallel  with  calorimetric  measurements  with  quenched  and 
annealed  wires.  They  found  Ap/£  =  o. 30  x  10“ 6  ohm  cm/ at  .$.  For  a  quench- 

o  N 

temperature  of  890  C  they  measured  a  resistance  increment  of  1  percent  of 
the  resistance  at  20°C,  which  corresponds  to  the  value  found  by  several 
authors  using  quench  rates  in  the  order  of  3  x  10*  °C/sec.  However,  the 
defect  concentration,  which  they  derived  from  their  calorimetric  data,  is 
larger  by  a  factor  6  than  the  value  found  by  DeSorbo9. 

The  value  of  the  vacancy  resistivity,  given  in  equation  (17)  is  in 
good  agreement  with  published  theoretical  estimates  carried  out  for  copper 
and  gold36. 
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C.  Vacancy  Concentration 

The  vacancy  concentration  n/N,  derived  by  extrapolation  of  DeSorbo's9 
n/N  data  to  680°C  with  an  Arrhenius-type  equation,  is  2.4  x  10* 5,  which  is 
in  good  agreement  with  the  value  given  in  equation  (18).  Extrapolating  the 
n/N  data  of  Simmons  and  Balluffi18  to  680°C,  using  an  Arrhenius-type  equa¬ 
tion,  the  value  of  n/N  is  4.7  x  10'5.  The  difference  between  this  value, 
which  is  obtained  under  equilibrium  conditions,  and  the  value  given  in 
equation  ( IS )  is  probably  caused  by  the  vacancy  losses  during  quenching  of 
the  specimen. 

The  n/N  data  obtained  by  Cotterill6  from  the  electron  microscopic  con¬ 
centration  counts  previously  mentioned  agree,  at  quench  temperatures  below 
900°C,  approximately  with  DeSorbo’s  results  and  have  an  error  of  about  ±35 
percent.  However,  the  quench  rates  in  Cotterill’s  experiments  are  five  times 
larger  than  those  reported  by  DeSorbo.  This  also  indicates  that  Cotterill ’s 
n/N  values,  which  should  be  higher  than  DeSorbo's  due  to  the  greater  quench 
rate,  are  probably  too  small  because  of  the  vacancy  loss  at  dislocations  and 
grain  boundaries  during  annealing.  As  mentioned  in  part  VI  B,  the  n/N  value 
derived  by  Pervakov  and  Khotkevich10  is  larger  by  a  factor  6  than  the  defect 
concentration  found  by  DeSorbo. 

The  reported  experimental  data  on  the  activation  volume  of  formation, 
the  electrical  resistivity  and  the  concentration  of  monovacancies  in  gold 
are  summarized  in  Table  III. 
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TABLE  I 


Measured  values  of  the  voltage  ratio  Vx/V3  and  V2/V3  of  a  specimen  after 


quenching  and 

after  annealing 

using  the  scheme  as 

Shown  in  Figure  4. 

Specimen 

Current 

(V1/V3)x  103 

(V2/V3)  x  |03 

Forward 

8.9379  ±  0.0019 

25.659  ±  0.007 

Quenched 

Reverse 

8.9367  ±  0.0008 

25.655  ±  0.001 

Average 

8.9373  ±  0.0019 

25.657  ±  0.007 

Forward 

8.7813  ±  0.0012 

25.663  i  0.003 

Annealed 

Reverse 

8.7836  ±  0.0018 

25.651  ±  0.001 

Average 

8.7825  ±  0.0018 

25.657  i  0.003 

TABLE  II 

Summary  of  the  data  for  the  different  pressure  levels.  A  R/Rc  is  the 
relative  resistance  quenched  in  from  Tq  given  in  column  4.  (  A  R/RJ 

corrected  is  the  value  of  column  5  corrected  for  Tq  =  680°C.  Rc  is  the 
resistance  of  the  specimen  at  the  temperature  of  liquid  nitrogen. 


Specimen 

Number 

p  (io3 

atmospheres} 

Pressure 
med i urn 

Tq  (°C) 

(A  r/r  ) 

x  IO3 

(a  m.) 

corrected  x  IO3 

4 

11.0 

N2 

689  ±  0 

4.57 

4.06 

5 

0.42 

He 

681  ±  4 

9.50 

9.36 

6 

5.0 

n2 

677  ±  7 

6.41 

6.60 

6 

8.08 

N2 

693  ±  3 

5.92 

5.02 

7 

5.0 

n2 

656  ±  4 

4.37 

5.93 

8 

0.70 

He 

678  ±  7 

7.81 

7.98 

8 

3.1 

n2 

672  ±  7 

7.07 

7.80 

8 

5.0 

n2 

699  ±  3 

7.86 

6.21 

8 

8.0 

N2 

678  ±  4 

5.07 

5.17 

8 

10.1 

A 

678  ±  0 

4.63 

4.71 
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TABLE  III 


Summary  of  the  reported  experimental  data  on  the  activation  volume  of 
formation,  AVf/fl  ,  the  electrical  resistivity  per  atomic  percent,  A p/b  , 

and  the  concentration  at  room  pressure,  n/N,  of  monovacancies  in  gold. 


Authors 

A  Vf/fi 

Ap/Q  X  I06 
ohm  cm/at. % 

(n/H)  x 

890°C 

I05  . 

680°C 

Cotterill6 

— 

2.4  ±  0.4 

12  ±  4 

— 

DeSorbo® 

0.57  ±  0.05 

1.8  ±  0.6 

12.4 

2.4* 

Pervakov  and 

Khotkevich10 

"" 

0. 30 

76  ±  10 

Simmons  and 

Balluffi18 

0.45  ±  0.10 

1.5  ±  0.3 

22 

4.7* 

Present  work 

0.53  ±  0.04 

1.8  ±  0.4 

_ 

2.4  ±  0.5 

* 
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FIG  I  THE  HIGH  PRESSURE  SYSTEM 


0  TUBE  SOCKET 
(D  0.004"  GOLD  WIRE 
(D  SPECIMEN  LENGTH 
0  0.008"  GOLD  WIRE 
(D  0.016"  GOLD  WIRE 
(D  0.002"  GOLD  WIRE 
0  SPOT  WELDS 
(D  BRASS  CYLINDER 
(D  SUPPORT  PIN 
@  THREAD  FOR 
EXTENSION 


FIG.  2  SKETCH 
OF  SPECIMEN  HOLDER 
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FIG. 4  SCHEMATIC  OF  THE  ELECTRIC 
RESISTANCE  MEASUREMENTS 


T0  CC) 


FIG  5.  SEMILOGARITHMIC  PLOT  OF  THE  RELATIVE  RESISTANCE 
QUENCHEO'IN  AT  1800  ATMO&  VS  RECIPROCAL  OF  THE  ABSOLUTE 
QUENCH  TEMPERATURE.  R.  IS  THE  ANNEALED  RESISTANCE  AT  THE 
TEMPERATURE  OF  LIQUID  NITROGEN. 
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P(I03  at) 

FIG.  6  SEMILJOGARITHMIC  PLOT  OF  THE 
RELATIVE  RESISTANCE  QUENCHED-IN  AT  680* 
CENTIGRADE  VS  THE  GAS  PRESSURE  DURING 
QUENCHING.  R.  IS  THE  ANNEALED  RESISTANCE 
AT  THE  TEMPERATURE  OF  LIQUID  NITROGEN. 
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